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ORIGINAL ARTICLE
Effect of inoculation with a thermotolerant plant growth promoting Pseudomonas putida
strain AKMP7 on growth of wheat (Triticum spp.) under heat stress
Shaik. Zulfikar Alia, Vardharajula Sandhyaa, Minakshi Grovera,*, Venkateswar Rao Lingab and
Venkateswarlu Bandia
aDepartment of Microbiology, Central Research Institute for Dryland Agriculture, Hyderabad, Andhra Pradesh, India;
bDepartment of Microbiology, Osmania University, Hyderabad, Andhra Pradesh, India
(Received 14 October 2010; final version revised 01 December 2010)
The present study was carried out to investigate the effect of plant growth promoting thermotolerant
Pseudomonas putida strain AKMP7 on the growth of wheat plants to heat stress. The results indicated the
superior performance by P. putida strain AKMP7 in improving survival and growth of wheat plants under heat
stress. The bacterium significantly increased the root and shoot length, dry biomass, tiller, spike let and grain
formation of wheat over uninoculated plants. Inoculation reduced membrane injury and the activity of several
antioxidant enzymes such as SOD, APX and CAT under heat stress. Inoculation improved the levels of cellular
metabolites like proline, chlorophyll, sugars, starch, amino acids, and proteins compared to uninoculated plants.
Scanning electron microscopy studies confirmed the colonization of the organism on the root surface. This result
suggests the possible role of microorganisms in mitigating adverse effects of climate changes on crop growth and
may lead to development of microbe based climate- ready technology.
Keywords: climate change; heat stress; microbial colonization; wheat; Pseudomonas putida
Introduction
Gaseous emissions due to human activities are sub-
stantially adding to the existing concentrations of
greenhouse gases, particularly CO2, methane, chloro-
fluorocarbons and nitrous oxides. Future increase
in greenhouse gases could raise the Earth’s surface
temperature anywhere between 1.5 and 118C by 2100
(Stainforth et al. 2005) that would severely reduce
crop production. Rising temperatures may lead to
altered geographical distribution and growing seasons
of agricultural crops by allowing the threshold tem-
perature for the start of the season and crop maturity
to be reached earlier (Porter 2005).
Heat stress is a common constraint during
anthesis and grain filling stages in many cereal crops
of temperate regions. Wheat (Triticum spp.) is the
major Rabi crop in India and is sensitive to vario-
us biotic and abiotic stresses such as weather and
inter-seasonal climatic variability (in terms of changes
in temperature, rainfall, radiation). An increase in
mean seasonal temperature of 248C reduces the
yield of wheat (Wheeler et al. 1996; Batts et al.
1997) grown in well-watered conditions. The opti-
mum post anthesis temperature for maximum kernel
weight in wheat is about 158C (Chowdhury and
Wardlaw 1978), and each 18C rise in temperature
above the optimum can cause 35% reduction
in single grain weight under both controlled environ-
ments (Wardlaw et al. 1989) and field condi-
tions (Wiegand and Cuellar 1981). Due to the
unprecedented heat wave in northern India during
the year 2004, 4.4 million tons of loss in productivity
was reported in wheat crop (Samra and Sing 2004).
Heat stress also affects protein denaturation and
aggregation, fluidity of membrane lipids, inactivation
of enzymes in chloroplast and mitochondria, inhibi-
tion of protein synthesis and loss of membrane
integrity (Howarth 2005). These injuries eventually
lead to starvation, inhibition of growth, reduced ion
flux, production of toxic compounds and reactive
oxygen species (ROS) (Scho¨ffl et al. 1999; Howarth
2005). Breeding for suitable varieties, improved crop
management and changes in planting dates, etc., to
some extent would help in overcoming the effects of
climate change (Vanaja et al. 2007). However, evol-
ving low- cost methods which can be easily adopted
by small farmers is a major challenge.
Plant growth promoting rhizobacteria (PGPR)
are one class of beneficial bacteria inhabiting the soil
ecosystem (Kloepper et al. 1989). PGPR are found in
association with roots of many different plants. The
effects of PGPR on plant growth can be mediated by
direct or indirect mechanisms (Glick 1995). The direct
effects have been most commonly attributed to the
production of plant hormones such as auxins, gibber-
ellins and cytokinins, biological nitrogen fixation and
solubilization of inorganic phosphorous, etc. Indirect
mechanisms include suppression of phyto-pathogens
by the production of siderophores, HCN, ammonia,
antibiotics, volatile metabolites, etc., by inducing
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systemic resistance and/or by competing with the
pathogen for nutrients or for colonization space
(Glick 1995). A particular bacterium may affect plant
growth and development using any one or more of
these mechanisms (Montesinos 2003). During the
last couple of decades the use of PGPR for sustain-
able agriculture has increased tremendously in var-
ious parts of the world to reduce the need for
chemical fertilizers. Recent reports suggest that
PGPR also enhance the tolerance of plants to abiotic
stresses such as drought (Timmusk and Wagner 1999;
Sandhya et al. 2009), chilling injury (Ait Barka et al.
2006), salinity (Han and Lee 2005), metal toxicity
(Dell’ Amico et al. 2008) and elevated temperature
stress (Ali et al. 2009). The aim of the present study
was to investigate the effect of inoculation with a
thermotolerant plant growth promoting Pseudomo-
nas putida strain AKMP7 on the growth of wheat
plants to heat stress.
Materials and Methods
Bacterial strain
Thermotolerant Pseudomonas putida strain AKMP7
used in this study was isolated from the sorghum
rhizosphere soil sample collected from Akola region
Maharastra, India. Strain AKMP7 possessed plant
growth promoting traits such as IAA (61.9 mg mg1
protein under ambient (288C) and 32 mg mg1 protein
under high temperature (508C), GA (0.43 mg mg1
protein, ambient and 0.18 mg mg1 protein, under
high temperature), P-solubilization (59 mg ml1,
ambient and 38.7 mg ml1 under high temperature),
siderophore, HCN and ammonia positive both under
ambient and under high temperature. Molecular
characterization of the strain was done and the 16S
rDNA sequence was submitted to GenBank under
the accession no. GU396282.
Plant growth and inoculation in pots
The study of the effect of bacterial strain AKMP7 on
alleviation of heat stress in wheat (var. LOK-1) was
carried out under sterile soil conditions with a
temperature of 378C to 408C during day and 278C
to 308C at night. Seedlings received 16/8 h light/
dark cycle (350 mmol m2 s1 light intensity). The
bacterial inoculum was produced by transferring
one loop full of strain AKMP7 to 100 ml of King’s
B liquid medium in a 250 ml Erlenmeyer flask
incubated at 288C on a rotary shaker for 24 h.
Bacteria were collected by centrifugation (5000 rpm
for 5 min) and washed twice with sterile normal
saline. The pellet was resuspended in saline and
used for estimation of bacterial concentration by
UV-spectrophotometry (600 nm). The bacterial con-
centration was adjusted to109 CFU/ml with sterile
normal saline. The concentration was confirmed by
plate counting and used for talc-based formulation
containing 1% carboxy methylcellulose as adhesive.
Seeds of wheat were surface sterilized with
0.1% (w/v) HgCl2 and 70% (v/v) ethanol and coated
with talc based formulation of P. putida strain
AKMP7, and the bacterial population on coated
seeds was determined by serial dilution plate count
(108 CFU/seed) method using King’s B solid medium.
The seeds (six seeds per pot) were sown in plastic
pots (30 cm diameter and 31.5 cm deep) with a
capacity to hold 15 kg of soil. Soil was collected
from homogeneous horizon (020 cm) of Gunegal
Research Farm (GRF), CRIDA in south India falling
under semi-arid region in rain-fed production system.
The soil was air-dried and sieved (B 2mm) before
being analyzed for the physicochemical properties.
The soil contained 74% sand, 5 silt, and 24 clay with
1.40 Mg m3 bulk density, 36.9% total porosity and
37.9% water holding capacity; it had pH 7.0 and
electrical conductivity of 0.103 ms. Organic C, total
N and total P content of soil were 0.82 g kg1,
0.16 g kg1, and 0.07 g kg1, respectively. For
preparation of sterile soil, field soil was autoclaved
twice for 20 min at 1208C with a 24 h interval. The
treatments included seed bacterization with and
without P. putida strain AKMP7. Two weeks after
initial emergence, plants were thinned to one per pot.
The pots were watered (sterile water) at 09.30 h daily
by weighing the individual pots and supplying each
pot a given amount of water that had been pre-
calculated based on the water content of dried soil
and its water holding capacity. The daily watering
brought the water content of the pots to that of the
field capacity, allowing the plants to grow under
conditions free from water stress. Pots (inoculated
and uninoculated) were replicated six times in rando-
mized block method.
Plant biochemical parameters
In order to study the mechanism of protection
of wheat plants exposed to heat stress by P. putida
strain AKMP7, 95-days-old seedlings were harvested
and the contents of total sugars, amino acids,
chlorophyll, proline, starch and protein content of
the seedlings were determined. The contents of sugars
and amino acids were determined by incubating 1 g of
leaf sample with methanol: chloroform: water
(60:25:15 v/v) mixture at 608C for 2 h. The samples
were centrifuged 10,000 rpm for 15 min at 48C, and
the content of total sugars of the supernatant was
estimated by phenol sulfuric acid method (Dubois
et al. 1956). The content of total amino acids was
determined by heating 1 ml of the supernatant with
1 ml of 0.1 M acetate buffer and 1 ml of ninhydrin
(5% w/v) at 958C for 5 min. The samples were
cooled and absorbance was read at 570 nm (Chen
et al. 2007). Free proline content was determined by
the method of Bates et al. (1973). The leaf samples
homogenized in 3% (w/v) sulphosalicylic acid were
centrifuged at 10,000 rpm for 15 min at 48C, and the
supernatant was heated at 1008C after the addition
240 Sk.Z. Ali et al.
D
ow
nl
oa
de
d 
by
 [1
56
.34
.23
8.1
66
] a
t 1
2:0
8 3
0 M
arc
h 2
01
4 
of acidic ninhydrin. The samples were extracted with
toluene and the chromophore containing toluene
was aspirated and cooled to room temperature, and
absorbance was read at 520 nm. The determination
of total chlorophyll was done by immersing leaf
samples in dimethyl sulphoxide (DMSO) and incu-
bating them at 708C for 4 h. The absorbance of
the solution was read at 645, 663 and 480 nm (Barnes
et al. 1992). The membrane injury index (MII) of leaf
tissues was determined by recording electrolyte leak-
age in double distilled water at 508C and 1218C
(Ibrahim and Quick 2001). Leaf samples (0.1 g) were
cut into discs of uniform size and submerged in 10 ml
of deionized water in test tubes and heated at 508C
for 30 min. The tubes were incubated overnight at
room temperature, and the conductance was mea-
sured using a conductivity meter. The tubes were then
autoclaved for 10 min at 1218C, and the conductance
was measured again. Starch analysis was determined
by homogenizing leaf samples in 0.1 M phosphate
buffer (pH 7.5) at 48C and centrifuged 10,000 rpm for
15 min at 48C. The pellet was suspended in DMSO:
8M HCl (4:1 v/v) and agitated at 608C for 30 min.
After centrifugation at 10,000 rpm for 15 min at 48C
the supernatant was treated with 100 ml of acidified
iodine, incubated at room temp for 15 min and the
absorbance was read at 600 nm (Ait Barka et al.
2006). The protein content was determined by grind-
ing 0.1 g of leaf issue in phosphate buffer (pH 7.0)
and estimated by Bradford method (Bradford 1976).
Antioxidant enzyme activities
Antioxidant enzymes were estimated after 95 days
of germination. Enzyme extracts for superoxide dis-
mutase (SOD, EC 1.15.1.1) and catalase (CAT, EC
1.11.1.6) were prepared by grinding wheat leaves
(1g fresh mass) in a pre-chilled mortar and pestle first
with liquid nitrogen and then with 10 ml of extraction
buffer consisting of 100 mM potassium phosp-
hate buffer, pH 7.5 containing 0.5 mM EDTA. For
the estimation of ascorbate peroxidase (APX, EC
1.11.1.11), extraction buffer was further supplemented
with 1 mM ascorbic acid and pH was adjusted to
7.5. Extracts were then centrifuged at 15,000 rpm for
20 min at 48C, and the supernatants were analyzed.
Enzyme assays were conducted immediately following
extraction.
SOD activity was determined according to method
described earlier (Dhindsa et al. 1981). The reaction
mixture contained 13 mM methionine, 25 mM nitro-
blue tetrazolium chloride (NBT), 0.1 mM EDTA, 50
mM phosphate buffer (pH 7.8), 50 mM sodium
carbonate and 0.1 ml enzyme. The activity was
determined by adding 2 mM riboflavin and placing
the tubes under two 15 W fluorescent lamps for
15 min. A complete reaction mixture without enzyme,
which gave the maximal color, served as control.
Reaction was stopped by switching off the light
and putting the tubes into dark. A non-irradiated
complete reaction mixture served as a blank. The
absorbance was recorded at 560 nm, and one unit
of enzyme activity was taken as that amount of
enzyme, which reduced the absorbance reading to
50% in comparison with tubes lacking enzyme.
APX was estimated by observing the decrease
in absorbance due to ascorbic acid at 290 nm
(Nakano and Asada 1981). The assay mixture con-
tained 50 mM potassium phosphate buffer (pH 7.0),
0.5 mM ascorbic acid, 0.1 mM EDTA, 0.1 mM
H2O2, and 0.1 ml enzyme. The reaction was started
with the addition of 0.1 mM hydrogen peroxide.
Decrease in absorbance for a period of 30 seconds
was measured at 290 nm in a UVvisible spectro-
photometer. Activity is expressed by calculating the
decrease in ascorbic acid content by comparing with a
standard curve drawn with known concentrations of
ascorbic acid.
CAT activity was determined according to
method described by Teranishi et al. (1974). The
reaction mixture consisted of 6 mM hydrogen perox-
idase, 0.1 M phosphate buffer pH 7.0, and reaction
started by adding 50 ml of enzyme extract. Reaction
was terminated after 5 min by adding 4 ml of titanium
reagent (prepared by digestion 1 g titanium dioxide
with 10 g potassium sulphate and 150 ml of concen-
trated H2SO4). Aliquot was centrifuged at 15,000 rpm
for 10 min at 48C, and absorbance of the supernatant
was recorded at 415 nm. Reaction mixture without
enzyme served as blank. Catalase activity was assayed
by monitoring the disappearance of H2O2 at 415 nm.
One unit of catalase decomposed 1 mmol of H2O2 per
milligram of protein at pH 7.0 and 258C in 1 min.
Crop yield
Crop was harvested after 110 days, and shoots and
roots were separated and dried overnight at 1058C
before determining the root and shoot dry weight.
Yield content was determined by root and shoot
length, tillers and spikes count, spike length, grains
per spike and 100 seed weight.
Root colonization studies
Bacterial colonization of root from bacterized
and non-bacterized plants under heat stress was
determined by plating root samples on to King’s
B medium amended with rifampicin, (50 mg ml1)
and also by scanning electron microscope (SEM). The
root samples were fixed in 2.5% gluteraldehyde in
0.05 M phosphate buffer (pH 7.2) for 24 h at 48C
and post fixed with 2% aqueous osmium tetroxide
in the same buffer for 2h. The post fixation samp-
les were dehydrated in series with graded alcohol
and dried to critical point, which was checked by
drying with Electron Microscopy Science CPD unit.
The dried samples were mounted over the stubs with
double-sided conductivity tape, and a thin layer of
gold metal was applied over the sample using an
Journal of Plant Interactions 241
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automated sputter coater (JEOL JFC-1600) for about
3 min (Bozzola and Russell 1999). Finally samp-
les were analyzed by scanning electron microscopy
(Model: JOEL-JSM 5600, JAPAN) at various mag-
nifications at RUSKA Lab, SVUU, Hyderabad,
India.
Statistical analyses
All data were analyzed statistically by analysis of
variance. Plant studies were tested in an experiment
using a randomized complete block design with six
replications. Mean comparison among treatments
was done by Tukey’s multiple comparisons.
Results
Growth promotion of wheat by bacterial inoculation
Bacterial inoculation affected the early plant growth
and biochemical parameters of wheat (var. LOK-1)
grown under heat stress. The inoculation of wheat
with thermotolerant P. putida strain AKMP7 sig-
nificantly increased the shoot (1.12 fold increase,
52.93 cm) and root length (1.19 fold increase, 27.7
cm) over uninoculated (shoot, 47.12 cm and root,
23.13 cm) plants; similarly significant increase in dry
biomass of inoculated (16.8 g/plant) plants over
uninoculated control (10.5 g/plant) was recorded
(1.6 fold) (Figure 1a, b). Rhizosphere colonization
by the inoculated strain was studied by plating
root samples on King’s B medium containing anti-
biotic (50 mg ml1 of rifampicin). After two days
of incubation, no colonies appeared on King’s
B solid medium plate with the root samples of
uninoculated plants. However, vigorous growth was
observed around the roots of inoculated plants.
Scanning electron microscopy of root samples of
inoculated plants revealed the presence of dense
bacterial population, and the bacterial cells attached
perpendicularly and horizontally to the root surface
of plants (Figure 2).
Biochemical parameters
Inoculation with P. putida strain AKMP7 signifi-
cantly enhanced biochemical parameters of wheat
plants compared to uninoculated plants. Inoculation
significantly enhanced chlorophyll, total sugars, pro-
line, starch, amino acids and protein content under
heat stress (Table 1). As an indication of plant
health, the leaf chlorophyll content of inoculated
and uninoculated plants grown under heat stress
was determined. In the presence of heat stress a
significant decrease in chlorophyll content of unin-
oculated plants was observed, whereas inoculation
with P. putida strain AKMP7 counteracted the
adverse effect of heat stress on leaf chlorophyll
(1.46 fold increase, 29.35 mg g1 FW) compared
to uninoculated plants (20.02 mg g1 FW). The
enhanced photosynthetic activity of the inoculated
plants corresponded with significantly higher starch
content (1.51 fold, 26.47 mg g1 FW) over unin-
oculated plants (17.47 mg g1 FW). A significant
decrease in the protein (80.79 mg g1 DW) and
sugar (39.59 mg g1 DW) content of uninoculated
plants was observed under heat stress, whereas the
protein and sugar (1.16 fold increase, 94.26 mg g1
DW and 1.58 fold increase, 62.93 mg g1 DW)
content of inoculated plants significantly increased
under heat stress respectively (Table 1). Inoculation
also enhanced leaf amino acid (1.68 fold, 38.75
mmol g1 DW) and proline (1.23 fold, 22.08 mmol
g1 FW) content compared to the values of the
uninoculated plants (amino acids, 23.04 mmol g1
DW and proline, 17.82 mmol g1 FW) under heat
stress. Membrane injury index as determined by
electrolyte leakage showed that bacterial inocula-
tion significantly improved the heat tolerance of
the wheat plants and reduced the membrane injury
over uninoculated plants (Table 1).
Antioxidant enzyme activity
Inoculation with P. putida strain AKMP7 counter-
acted the adverse effect of heat on leaf antioxidant
enzymes by lowering the ROS generation compared
to uninoculated plants. Under heat stress, the percent
decrease in enzyme activity of strain AKMP7 seed-
lings is higher (38%, 8.16 Units min1 mg1 protein
SOD; 15.82%, 8.62 mmol Ascorbate oxidized min1
mg1 protein APX and 23.68%, 6.96 mmol H2O2
min1 mg1 protein CAT) than uninoculated plants
respectively (13.35 Units min1 mg1 protein SOD,
Figure 1. Shoot, root length, and dry biomass of wheat
plants inoculated with P. putida strain AKMP7 grown
under heat stress (UINuninoculated; INCinoculated).
(a) root and shoot length (cm); (b) dry mass (g/plant).
Values are means of six readings with 9 SE. Values with
different letters are signiﬁcantly different at pB0.05.
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10.24 mmol Ascorbate oxidized min1 mg1 protein
APX and 9.12 mmol H2O2 min1 mg1 protein
CAT) (Figure 3a, b, c).
Crop yield
Inoculation with P. putida strain AKMP7 signifi-
cantly increased the yield- attributing characters such
as tiller and spikelet formation, spike length, grain
formation per spike and 100 seed weight compared to
uninoculated plants under heat stress. P. putida strain
AKMP7 treated plants recorded higher number of
tiller and spikelet formation per plant (8.190.07
each), increased spike length (6.9290.061), enhanced
grain formation (28.391.52) per spike compared
to uninoculated plants. Heat stress decreased the
100 seed weight (2.8990.62) of uninoculated plants
whereas; P. putida strain AKMP7 inoculation en-
hanced 100 seed weight (5.6790.96) (Table 2).
Discussion
Pseudomonas spp. and other rhizobacteria are well
known for their ability to colonize the root tissues
of wide crop plants and promote the plant growth
by the production of phytohormones, antagonistic
substances and enzymes (Hong et al. 1991). It has
been suggested that bacterial inoculation alleviated
abiotic stresses like drought, chilling, salinity, metal
toxicity and elevated temperature (Timmusk and
Wagner 1999; Redman et al. 2002; Han and Lee
2005; Ait Barka et al. 2006; Marquez et al. 2007; Dell’
Amico et al. 2008; Ali et al. 2009; Sandhya et al.
2009). Indeed, this concept is supported by our results
where bacterial inoculation mitigated the adverse
effect of heat stress in wheat plants. Despite the
ability of plants to adapt partially to temperature
stress in temperate climates, plant growth and overall
productivity generally decline under stress (Haldiman
1998). The extent of a plant’s ability to withstand
such stress is determined by metabolic alterations
(Seki et al. 2003). In the present study, we demon-
strated that plant growth promoting thermotolerant
P. putida strain AKMP7 colonizing wheat roots can
significantly influence the plant’s resistance to heat
stress by influencing its metabolism. Seed inoculation
with strain AKMP7 had a pronounced effect on
growth, development and response to heat stress.
According to Ho¨flich et al. (1994) and Ho¨flich
and Ku¨hn (1996), Pseudomonas spp., Rhizobium spp.
and Agrobacterium spp. isolated from sites at a semi-
continental climate promoted the growth of young
plants and increased the yields of graminae and
legumes under the respective conditions. Javed and
Arshad (1997) also isolated bacteria, which stimu-
lated the plant growth of wheat and rice in warm
climates. We have isolated the plant growth promot-
ing thermotolerant P. putida strain AKMP7 from the
rhizosphere of sorghum plants grown under semi arid
conditions, characterized by high temperature values.
The strain AKMP7 could grow and survive at 508C,
which was the maximum survival temperature for
the strain and possessed plant growth promoting
traits (IAA, GA, P-solubilization, siderophore, HCN
and ammonia production).
In the present study, bacterial inoculation posses-
sing plant growth promoting traits significantly in-
creased root, shoot length and dry biomass of wheat
(var. LOK1) under heat stress. Plant growth is
enhanced due to the production of plant growth
regulators at the root interface by inoculated plant
Figure 2. Scanning electron microscopy of wheat plant showing the presence of bacterial cells on the root surface
(a) uninoculated; (b) inoculated; arrows indicate the presence of bacteria.
Table 1. Effect of inoculation with P. putida strain AKMP7 on biochemical parameters of wheat plants under heat stress.
Treatment MII (%)
Chlorophyll
(mg g1 FW)
Total sugars
(mg g1 DW)
Proline
(mmol g1 FW)
Starch
(mg g1 FW)
Amino acid
(mmol g1 DW)
Total protein
(mg g1 DW)
UIN 63.590.47a 20.0290.17a 39.5990.98a 17.8290.50a 17.4790.43a 23.0490.58a 80.7990.50a
INC 50.890.42b 29.3590.94b 62.9391.57b 22.0890.70b 26.4791.04b 38.7590.47b 94.2690.90b
Note: UIN, uninoculated; INC, inoculated; MII, Membrane Injury Index; FW, fresh weight; DW, dry weight. Values are the means of six
replications with9SE. Values with different letters in a row are significantly different at pB0.05.
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growth-promoting bacteria which in turn stimulates
root development, resulting in better absorption
of water and nutrients from soil (Kloepper et al.
1991; Zimmer et al. 1995; Ho¨flich and Ku¨hn 1996).
Dell’ Amico et al. (2008) showed that inoculation with
cadmium-resistant strains Pseudomonas tolaasi and
Pseudomonas fluorescens enabled Brassica napus
to grow under cadmium stress because of the produc-
tion of indole acetic acid (IAA), siderophores and
ACC (1-aminocyclopropane1-carboxylate) deami-
nase, which protected the plants against cadmium
stress. The used thermotolerant Pseudomonas putida
strain AKMP7 showed plant growth-promoting traits
like production of phytohormones, HCN, ammonia,
siderophore and P-solubilization, which are responsi-
ble for heat tolerance in wheat plants. It was also
observed that total chlorophyll content increased due
to inoculation with strain AKMP7. Glick et al. (1997)
also found that P. putida GR12-2 increased the
chlorophyll content in the shoots of canola plant.
The increase in chlorophyll content may also be the
result of increased photosynthetic leaf area of plants
due to inoculation compared to uninoculated plants
where the leaf area was reduced due to heat stress
(Marcelis and van Hooijdonk 1999).
Our results show that the differences in heat
tolerance between the uninoculated and inoculated
plants were reflected by differences in their abilities
to significantly accumulate carbohydrates, amino
acids and proteins under heat stress. This is in
agreement with our earlier report of the accumulation
of cellular metabolites in sorghum seedlings subjec-
ted to elevated temperature (Ali et al. 2009). Lower
electrolyte leakage in inoculated plants suggested
protection of membrane integrity by bacterium,
probably due to alterations of plant lipid metabolism.
Proline is a dominant organic molecule that accumu-
lates in many organisms upon exposure to environ-
mental stress (Delauney and Verma 1993) and plays
multiple roles in plants’ adaptation to stress (Nanjo
et al. 1999; Sung et al. 2003). In this study, P. putida
strain AKMP7 significantly increased proline accu-
mulation in wheat plants under heat stress compared
to uninoculated plants. The accumulation of proline
in leaves under heat stress is an adaptation mechan-
ism as they bind to membranes, regulating membrane
permeability in cells and influencing water movement
among tissue (Ashraf and Foolad 2007). Bano and
Fatima (2009) observed that the salt tolerance in Zea
mays inoculated with Rhizobium and Pseudomonas
was mediated by the decrease in electrolyte leakage,
increase in proline production and maintenance of
water content of leaves with selective uptake of
K ions. In the present study inoculation with
P. putida strain AKMP7 in wheat plants lowered
the levels of ROS. The OH- radicals formed by
the combination of O2
- and H2O2 is highly toxic,
which can damage chlorophyll, protein, DNA, lipids
Table 2. Effect of inoculation with P. putida strain AKMP7 on yield of wheat under heat stress.
Treatment Tiller plant1 Spikelet plant1 Grains spike1 Spike length (cm) 100 seeds weight (g)
UIN 6.490.04a 6.490.04a 19.791.08a 4.2490.042a 2.8990.62a
INC 8.190.07b 8.190.07b 28.391.52b 6.9290.061b 5.6790.96b
Note: UIN, uninoculated; INC, inoculated; Values are the means of six replications with9SE. Values with different letters in a row are
significantly different at pB0.05.
Figure 3. Effect of inoculation with a thermotolerant P. putida strain AKMP7 on superoxide dismutase (a) ascorbate
peroxidase, (b) and catalase, and (c) of wheat grown under heat stress (UINuninoculated; INCinoculated). Values are
means of six readings with 9 SE. Values with different letters are signiﬁcantly different at pB0.05.
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and other important macromolecules, thus affecting
plant metabolism and limiting growth and yield
(Sairam and Tyagi 2004). The expression of antiox-
idants such as SOD converts O2
- to H2O2, which is
further removed by APX or CAT. Inoculation with
thermotolerant P. putida strain AKMP7 lowered
the levels of ROS, making the wheat plant survive
under heat stress whereas, in uninoculated plants the
levels of generated ROS are high under heat stress,
resulting in severe damage to cellular components
which leads to cell death. Inoculation with P. putida
strain AKMP7 counteracted the adverse effect of
heat stress on wheat plants and enhanced yield
components such as tillers and spikes count, spike
length, grains per spike and seed weight compared to
uninoculated plants. As successful plant growth
promoting inoculants, bacteria must be able to
rapidly colonize the root system during the growth
of plant (Defreitas and Germida 1992). Successful
colonization of plant roots by the introduced strain
suggested a close bacterial-plant association that may
be beneficial to plants, probably because inoculation
triggers some stress responsive mechanisms that
enable the plants to tolerate high temperatures
(Timmusk and Wagner 1999).
Conclusion
Inoculation with thermotolerant PGP P. putida strain
AKMP7 could be an effective approach for alleviat-
ing heat stress and consequently improving the
growth of wheat plant in the presence of heat stress.
This finding suggests the possible role of microorgan-
isms in mitigating adverse effects of climate changes
on crop growth and may lead to development of
microbial products to mitigate such effects. However,
further studies are required under field conditions
and the mechanism of protection has to be elucidated
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